Coating slurries for making anodes and cathodes of lithium batteries contain a large percentage of solid particles of different chemicals, sizes and shapes in highly viscous media. A thorough mixing of these slurries poses a major challenge in the battery manufacturing process. Several types of mixing devices and mixing methods were examined. The conventional turbine stirrers or ball mill mixers could be adequately used for the preparation of anode slurries, but not suitable for cathode slurries. In this study, a newly three-dimensional mixer, in conjunction with a multi-stage mixing sequence was proposed. The mixing effectiveness was examined by means of rheological measurements and flow visualization techniques. Preliminary electrical performance results indicated that the battery obtained using the 3D mixing device with a multi-stage mixing sequence was more efficient to those obtained from conventional methods.
Introduction
Preparation of a good dispersion of micro-or nano-scaled powders and highly viscous polymer solutions has always been a problem for experimentalists. The uniformity of the dispersion, as assessed from its rheological behaviour, is strongly dependent on the sequence of mixing, solution preparation, mixing devices and operating conditions [1] - [6] .
In lithium batteries, the electrodes are made up of multi-component mixtures. The key component in the ca-thode is an active material such as LiCoO 2 , LiNiO 2 , or a three-dimensional material such as LiNiMnCoO 2 [7] . The three-dimensional active material usually gives a better battery performance and has been adopted in the production of lithium batteries for the automobile industry [8] . Other components in the formulation [5] [7] generally include a binder, such as polyvinylidene fluoride (PVDF); a solvent, such as N-methyl-2-pyrrolidone (NMP); and an additive, such as carbon black, to improve the conductivity of the battery. The active material in the anode mixture is either carbon or graphite [9] , while other ingredients such as binder, solvent and conductive agents are usually the same as those in the cathode [5] [7] . The solid contents for both anode and cathode are around 50% -70% for a standard formulation. The concentration of the binder is around 3% -15%. Higher concentrations of the binder may improve the adhesion, but they may also deteriorate the performance of the battery. Both electrodes are normally prepared in the form of viscous slurries in order to facilitate the downstream coating operation. A thorough mixing of the slurries is critical for the coating and drying operations, which will eventually affect the performance and quality of the batteries [1] . Therefore, a proper selection of mixing devices and mixing procedures for the electrode slurries is an essential first step towards the production of good quality batteries.
Several types of mixing devices such as ball mills, magnetic stirrers [10] [11] and magnetic stirrers with supersonic waves [2] have been examined for their effectiveness as a laboratory tool. Large scale mixers including planetary mixers [12] [13] , high speed mixers, homogenizers, universal type mixers and static mixers [14] are generally used in industry. In addition to selecting a proper mixer for the highly viscous anode and cathode slurries, the procedures of adding solid particles and binders into solvents are also critical in achieving a well dispersed slurry mixture.
Many different mixing procedures have been explored to achieve well-mixed slurries. Yang et al. [15] found that mixing the dry particles including the binder first and then adding the mixture into the solvent could be useful for prolonging the life of batteries. In contrast, Kim et al. [3] found that mixing the dry powders first, followed by adding the binders and solvents could be more effective. Lee et al. [4] examined the effects of multiple additions of solvents on the performance of a lithium battery, with the storage modulus G' and loss modulus G" used as indicators of the results of mixing. Zhang et al. [8] studied the effects of adding a non-ionic surfactant on the dispersion of the active material LiFePO 4 , and found that both mixing and discharge capacity could be improved. Li et al. [16] studied the effects of adding adhesive and thickener in different steps and found that sequential addition of adhesive and thickener yielded the best mixing results for cathode slurries. For anode slurries, Zheng et al. [17] proposed mixing together the carbon black and binders in the solvent first, then using an ultrasonic device for subsequent dispersion.
Both cathode and anode materials are made of concentrated slurries. They are likely to exhibit non-Newtonian flow characteristics, which may include shear-thinning, time-dependent, and pseudo-plastic behaviours [4] [18]- [22] . Ligneel et al. [10] studied the effect of solid content on the rheological properties of anode materials, and found that yield stress became significant when the amount of solvent was gradually reduced. Several research groups [1] [2] [18] [12]- [25] analysed the mixing of lithium battery materials using ball mill mixers, and found that the solution viscosity would drop gradually and approached a stable, limiting value after a long period of mixing.
A ball mill mixer appears to be a suitable device for mixing electrode slurries, although its effectiveness is overshadowed by the long mixing time. It is therefore desirable to seek alternate mixers that can reduce the mixing time and improve the mixing efficiency. The performance of a mixer can be examined either theoretically by numerical simulation of the flow field [26] or experimentally by using a flow visualization technique and rheological measurements [27] [28] .
In the present study, a new three-dimensional mixing device was designed for electrode slurry mixing. The performance of the mixing device was examined initially by a flow visualization technique using clear solutions with a tracer. The effectiveness of mixing anode and cathode materials was then examined rheologically through shear viscosity and dynamic measurements. The resulting batteries fabricated from the slurries obtained with different mixers and mixing schemes were tested for their electrical performance.
Experimental
The cathode and anode slurries are usually made up of four major components. These are an active material, a conductive agent, a binder and a solvent. The active and conductive materials are solids in powder form, whose size varies from nano-to micro-scales. These solid powders are bound together with a binder in either an aqueous or an organic solvent. The organic solvent and polymer binder used in the present study were N-methyl-2-pyrrolidone (NMP) and polyvinylidene fluoride (PVDF), respectively [5] [7] . The most common active materials for the cathode are complex inorganic compounds containing Li ions. These include LiCoO 2 , LiNiO 2 , LiMn 2 O 4 , LiFePO 4 and LiNi x Mn y Co 1−x−y O 2 [7] . Batteries produced with these active materials have shown high energy capacity, long life and high heat resistance. They have been widely used as cathode material in many consumer products and in batteries for the automotive industry [5] . The active material used in this study was LiNi 0.4 Mn 0.4 Co 0.2 O 2 (LNMC) supplied by Shenzhen Tianjiao Technology Co. LTD. The average size of these particles is around 8 -12 µm. Two carbon black powders: a 1.28 wt% Super-P with an average size around 40 nm, and a 2.58 wt% KS-6 with an average size around 6 µm, were chosen as the conductive agents. Both Super-P and KS-6 were supplied by Timcal Company. The total solids loading in the slurry was 63.5 wt%. The composition of LNMC was higher than 80 wt% in the total solid phase.
The conductive agent and the polymer binder used for the preparation of the anode slurry were the same as for the cathode except that the active material was replaced by a meso-phase graphite powder MGP-A with an average size of 22 µm. This material was supplied by China Steel Chemicals. Unlike the cathode slurry, only a single carbon black Super-P was used as the conductive agent for the anode. The total solid content for the anode slurry system was 54 wt%, containing over 90 wt% of MGP-A. The respective compositions of anode and cathode materials are listed in Table 1 . The rheological properties of the calibrated liquids and electrode slurries were measured with ARES-2 (TA Instrument) equipped with a cone and plate system. Many types of mixing equipment were employed by the researchers in the preparation of electrode slurries. In this study, three kinds of mixing devices were used to examine the mixing effectiveness for the anode and cathode slurries. These included a simple Rushton type turbine mixer, a ball mill mixer and a specially designed three dimensional mixer. The first two mixers were used only for comparison purposes, whereas the construction and mixing behaviour of the 3-D mixer were presented in details here.
The cathode and anode slurries after mixing were coated onto aluminum and copper foils, respectively, by using an automatic transfer roll comma coater (Hirano). The electrodes travelling at a speed of 1 m/s were dried at 120˚C in a convection oven to evaporate the solvent, and then pressed through a roll press. By varying the gap of the roll coater, all electrode films were cast approximately to the same loading of active material (Cathode: 13.4 mg/cm 2 , Anode: 5.92 mg/cm 2 ) in order to eliminate the thickness effect on the electrochemical performance of the electrode. The electrodes were then pressure-rolled to a predetermined thickness with their densities kept at 2.5 g/cm 3 for cathode and 1.7 g/cm 3 for anode. Further drying was carried out for each electrode in a vacuum dryer for 3 h at 120˚C before the assembly of battery in a dry room. The cathode and anode were cut into rectangular films each with an area of 2.0 × 2.0 and 2.2 × 2.2 cm 2 respectively. A 2.5 cm square PP/PE/PP tri-layer separator (Celgard 2320) of thickness 20 μm was placed in between the cathode and anode. The electrolyte used was 1.0 M lithium hexafluorophoshate (LiPF 6 ) dissolved in an equal volume mixture of ethylene carbonate (EC) and ethylmethyl carbonate (EMC), together with a 2 wt% of vinylene carbonate (VC). The so-arranged cell stack was packed in an aluminum-plastic laminated film case with 160 μL electrolyte, and the exterior was then evacuated and thermally sealed.
The electrical performance of the resulting batteries were measured on a Maccor Battery Tester series 4000. The batteries were charged at 0.1 C to 4.2 V, and maintained at constant voltage of 4.2 V charging until the charge dropped to less than 0.01 C. The formation was expressed in terms of voltage/capacity profiles and the battery life was examined over 100 cycles at a charge of 1 C and voltages between 3.0 V and 4.2 V.
Results and Discussion

Design and Calibration of the 3-D Mixer
A major criterion of the 3-D mixer is in its ability to generate mixing in all directions. A schematic diagram of the mixer is shown in Figure 1 . The mixer consists of three major parts: a rotating cylindrical glass container which provides mixing in the θ-direction, a Rushton turbine to provide r-direction mixing, and an off-centered helical ribbon-type impeller to generate mixing in the z-direction. Both the turbine and helical ribbon impeller are rotating at the same speed controlled by a common central axle. In addition, a rectangular plate is inserted near the wall region to scrape off any stagnant or slowly moving fluid during mixing. The dimensions and operating conditions of the mixer are given in Table 2 . Flow visualization was carried out by attaching a video camera focused on the container to monitor the fluid motion and flow pattern. Figure 2 displays a photograph of the newly designed mixing device, together with various attachments.
The calibration of the mixer was carried out using several aqueous polyvinyl alcohol (PVA, Chang Chun petrochemical Co. LTD.) solutions of different viscosities. PVA was chosen as the calibration liquid not only that it was transparent but also behaved as a Newtonian liquid having a viscosity range similar to the steady state viscosity of the electrode slurries, i.e. around 1 to 2 Pa•s at a nominal shear rate of 10 2 sec −1
. This shear rate range is typical of that encountered in a slot die coating operation [3] [4] [29] . During the mixing process, a red Table 2 . Dimensions and operating parameters for the 3D mixing devices. ink was added as a tracer. The dispersion of the ink indicated the degree of mixing, which was monitored by flow visualization with a video camera. For effective liquid mixing in a tank, the content must be able to move randomly in all directions. Initially, the mixer was tested with a PVA solution using only a single Rushton turbine attachment. A sequence of photos showing the mixing conditions at 3 time intervals is presented in Figure 3 . It could be seen that the red ink tracer initially formed a spiral ring around the central shaft at the onset of the ink injection, and expanded radially outward to the cylinder wall. The mixing was primarily in r-direction. The θ-direction mixing was generated with the aid of the rotating base. This was illustrated from the movement of the red ink spot at different time intervals shown in Figure 4 . Figure 5 showed the fluid motion in the mixer using only the helical impeller at- tachment taken at 3 time intervals. The photo images clearly indicated that mixing occurred primarily in the zdirection. When a buffer plate was inserted close to the wall, any stagnant liquid was continuously scrapped off and mixed into the bulk stream. This phenomenon could be observed from various images shown in Figure 6 . The newly designed 3-D mixer combined the three essential features inside the rotating cylindrical vessel. The overall performance of the 3-D mixer was demonstrated visually with images taken at 3 time intervals shown in Figure 7 . As seen in Figure 7 (c), complete mixing of the PVA solution was achieved within 30 seconds, which was substantially shorter than using a conventional one directional mixer. The effectiveness of mixing electrode slurries was subsequently tested using the 3D mixer.
The maximum power number, Po = P/(ρN 3 D 5 ), estimated for the Rushton impeller and the helical ribbon each of diameter 3 cm and at a rotational speed of 180 rpm, was 1270, at a corresponding Reynolds number, N Re = D 2 Nρ/μ of 0.17. This set of data indicated that mixing was in laminar regime [30] .
Anode Slurry Mixing
The mixing of anode slurry was relatively simple compared to the mixing of the cathode slurry. The main difference of the two electrodes is the active agent. It was easier to disperse the graphite powder MGP-A in anode than the Li complex compound in cathode. The effective mixing of electrode slurries is dependent not only on the type of mixer used but also on the mixing procedure or the sequence of adding various constituents in the mixture. Figure 8 shows the mixing strategy of the anode slurry. The mixing was carried out in our sequential steps. Initially, the liquid solution was prepared separately by gradually adding the binder PVDF to the solvent NMP, and mixed for 40 min. The solution sample was removed periodically from the mixing cylinder for viscosity measurements. As expected, the solution viscosity increased with increasing PVDF content, but exhibited mainly Newtonian characteristics as shown in Figure 9 . After reaching the desired consistency, the active material Super-P was then gradually added to the PVDF/NMP solution and mixed for another 30 min. Finally, the conductive agent MGP-A was introduced into the mixture and thoroughly mixed for further 30 min. The steady shear viscosity behaviour changed from Newtonian to highly shear-thinning with increasing amount of Super-P, as indicated in Figure 9 . This behaviour was consistent with the study of Liganel et al. [10] . The shape of the viscosity curve for the mixture containing Super-P remained relatively unchanged beyond 30 min of continuous mixing. To ensure that all components in the anode slurry were thoroughly mixed, different samples were taken at various time intervals (10, 30, 60 min) and the steady shear viscosity was measured for each sample. As shown in Figure 10 , very minor variations were detected among various viscosity curves measured for samples taken at different time intervals. Furthermore, no Newtonian plateau was reached despite the prolonged mixing. This indicated that the slurry mixture was already well mixed and there was no further change of structure even after only 10 minutes of mixing time. It appeared that mixing of anode slurry was relatively simple. A single Rushton turbine mixer was adequate for anode slurry mixing over a short period of time without relying on the 3-D mixer, provided the proposed mixing sequence was followed.
Cathode Slurry Mixing
As mentioned earlier, it was more difficult to disperse active material LNMC in the cathode slurry mixture. A new mixing scheme in conjunction with the 3-D mixer had to be used for this purpose. The ball mill mixer had been considered a standard mixer for the preparation of electrode slurries both in laboratory and industry [1] [23] . This mixer was initially attempted here to mix the cathode slurry using a normal mixing scheme. Figure 11(a) was an outline of the normal mixing scheme. In this scheme, the dry powders were pre-mixed together for 24 hr and then added in the solution containing the binder and solvent. The final mixing was carried out in the ball mill for 2 days. Overall, it took more than 3 days of mixing time to achieve a well-mixed sample on a ball mill mixer. It was decided to carry out the final mixing stage in the 3-D mixer. After considering various results published in the literature [4] [7] [11] [17] [25] , three different cathode slurry mixing schemes were attempted, as outlined in Figures 11(a)-(c). Figure 11(a) was the normal scheme. Figure  11(b) was the second mixing scheme in which the conductive agent, Super-P was mixed first with the solution for 30 min, then KS-6 was added for another 30 min mixing. Finally, the active material LNMC was introduced into the mixer and mixed for an hour. Figure 11(c) was the third multi-stage mixing scheme. The procedure involved mixing half of the total solids mixture with half of the solution containing binder and solvent for 30 min first, followed by mixing in the remaining solids for another 30 min. Finally the remaining half of the solution was introduced. The entire content was mixed an additional 60 min. Figure 12 compares various viscosity data obtained with different mixing schemes and mixers. The upper two flow curves depict the viscosity behaviour of the cathode slurries obtained using different mixing schemes and mixers. One was using the third (multi-stage) mixing scheme in a single Rushton turbine mixer [■] ; while the other was using the second mixing scheme in the 3-D mixer [▼] . Both curves appeared to achieve similar degree of mixing, but manifested significant shear-thinning characteristics over the shear rate range up to 1000 s −1 . The lower two curves in Figure 12 represent the viscosity behaviour of the cathode slurries mixed in the 3-D [▲] and ball mill [•] mixers using the third (multi-stage) and the first (normal mixing) These two flow curves agree extremely well and both exhibit nearly Newtonian behaviour over the same shear rate range. This suggests that the cathode slurries were well-mixed and attained their final slurry consistency. Although the ball mill mixer appeared to be adequate for mixing the cathode slurry using a multiple mixing sequence, it took a considerable longer time and energy to achieve the same result. After examining various combinations of mixing schemes and mixers, it was concluded that a most effective mixing of cathode slurries could be achieved using a multi-stage mixing scheme in the newly designed 3-D mixer. The uniformity of the cathode slurry was further reaffirmed with dynamic property measurements of the mixed slurries. The combinations of mixing schemes and mixers were identical to those used in obtaining the viscosity data in Figure 12 . Figure 13(a) shows the transient response of the shear modulus , G* = (G' 2 + G"
2 )
1/2
, for the mixed cathode slurries obtained with the three mixers at a frequency of 1.0 rad/s, over a period of 300 sec. The symbols here were the same as those used in Figure 12. Initially, values of G* were very small and gradually increased with time for the samples obtained with the Rushton and the 3D mixers; whereas G* from Figure 12 . Comparison of the viscosity data based on a ball mill and the 3D mixing device.
• Ball mill mixing with the mixing scheme in Figure 11 (a); ■ Rushton turbine mixing with the mixing scheme in Figure 11(b) ; ▼3D mixing device with the mixing scheme in Figure 11(b) . ▲ 3D mixing device with the mixing scheme in Figure 11 (c). Figure 13 (b) is a replot of the same cathode data in terms of stress vs. strain at a frequency of 1.0 rad/s. It can be seen that over the strain of 10 to 80 rad, the three curves were relatively flat, and increased rapidly beyond that point. Uhlherr et al. [31] suggested that there was a shear-induced solid to liquid transition region in yield stress or viscoplastic materials. At very low strain, the yield stress materials behaved like an elastic solid, in which the stress and strain obeyed Hooke's Law. Then the structure began to break up at a certain yield point over a short range of strain, and changed to liquid-like behaviour, at which the stress increased with shear rate (strain/time). The plateau region gave an average yield stress value, which was a function of frequency. The present results followed exactly the same trend since the solid content of the slurry was very high (>50%). Unfortunately, the rheometer used in the current study could not sensibly obtain the stress/strain response at very low strain or time, and therefore not possible to observe the elastic solid region at very low strain. Nevertheless, following the mechanism proposed by Uhlherr et al. [31] , the yield stress of the cathode sample obtained from the Rushton and the 3D mixers was around 1 Pa, and from the ball mill was around 25 Pa. Hence, there was a difference in the internal structure of the slurry when subjected to low strain oscillation flow. At high strain, all three samples behaved like a viscous liquid and the curves for the ball mill and the 3D mixers were closer to each other. Figure 14 and Figure 15 illustrate the electrical performance of two Li-ion batteries, one of which the electrode slurries were prepared using the conventional Rushton turbine mixer with the mixing procedure outlined in Figure 11(b) while the other using the new 3D mixer with the multi-stage mixing sequence outlined in Figure  11(c) . Following the fabrication of batteries, the charge-discharge profile and the battery life was measured. Figure 14 shows the plot of voltage against the capacity. The battery was charged at 0.1 C to a voltage of 4.0 V. The upward curves shows the charged profiles of the two batteries, with the square symbol representing the one prepared from Rushton mixer and the triangular symbol from the 3D mixer. It is evident that the two charged profiles are quite different. The discharged profiles obtained when the voltage was reduced to 3.0 V indicates that the capacity of the one produced the Rushton mixer dropped more rapidly than the one from 3D mixer. This suggests that the battery produced using the 3D mixer has a better capacity as a result of better particle distribution of active and conductive components in the electrodes [3] [4] . Figure 15 shows the cyclic life behavior of the batteries when they were charged at 1 C to 4.2 V and then discharged to 3.0 V, repeated for 100 times. Both batteries show relatively stable after 100 cycles, with the capacity maintained at around 135 mAh/g from the 3D mixer as compared to around 125 mAh/g from the Rushton mixer.
Conclusions
The effective mixing of anode and cathode materials for lithium battery was experimentally investigated in the present study. A new 3D mixer was designed, constructed and successfully applied for mixing electrode slurries, especially for the cathode slurry mixing. The device consisted of a Rushton impeller turbine, an off-center helical stirrers located inside the mixing vessel, and a rotating base. The device was able to generate fluid mixing in all directions. The effectiveness of the mixing device was verified by flow visualization and rheological measurements of a clear liquid and electrode slurries.
Mixing of anode slurry was relatively easy and could be achieved using a normal mixing procedure in a conventional mixer such as a single turbine mixer. Mixing of cathode slurry was more difficult. The most effective way of mixing the cathode slurry was using a specific multi-stage mixing scheme in a three-dimensional mixer. Preliminary electrical performance on the fabricated batteries also indicated the superiority of the proposed 3D mixer and multiple-stage mixing scheme over the conventional methods of electrode slurry preparation.
